Abstract-A scheme of double-negative left-handed atomic vapor medium based on dressed-state assisted simultaneous electric and magnetic resonances is suggested. In this mechanism, simultaneous electric-and magnetic-dipole allowed transitions of atoms are driven by an optical wave by taking full advantage of both mixed-parity dressed-state assisted resonance and incoherent population pumping in a quantum-coherent atomic medium (e.g., alkali-metal atomic vapor). Since the simultaneously negative permittivity and permeability can be achieved in a same frequency band, such an atomic vapor will exhibit an incoherent-gain double-negative refractive index that is three-dimensionally isotropic and homogeneous. The imaginary part of the negative refractive index of the present atomic vapor would be drastically suppressed or would become negative because of loss compensation through incoherent population transfer. The quantumcoherent left-handed atomic vapor presented here will have four characteristics: i) three-dimensionally isotropic and homogeneous negative refractive index, ii) double-negative atomic medium at visible (and infrared) wavelengths, iii) tunable negative refractive index based on dressed-state quantum coherence, and iv) high gain due to incoherent pumping action.
Abstract-A scheme of double-negative left-handed atomic vapor medium based on dressed-state assisted simultaneous electric and magnetic resonances is suggested. In this mechanism, simultaneous electric-and magnetic-dipole allowed transitions of atoms are driven by an optical wave by taking full advantage of both mixed-parity dressed-state assisted resonance and incoherent population pumping in a quantum-coherent atomic medium (e.g., alkali-metal atomic vapor). Since the simultaneously negative permittivity and permeability can be achieved in a same frequency band, such an atomic vapor will exhibit an incoherent-gain double-negative refractive index that is three-dimensionally isotropic and homogeneous. The imaginary part of the negative refractive index of the present atomic vapor would be drastically suppressed or would become negative because of loss compensation through incoherent population transfer. The quantumcoherent left-handed atomic vapor presented here will have four characteristics: i) three-dimensionally isotropic and homogeneous negative refractive index, ii) double-negative atomic medium at visible (and infrared) wavelengths, iii) tunable negative refractive index based on dressed-state quantum coherence, and iv) high gain due to incoherent pumping action.
INTRODUCTION
The artificial metamaterials (including negatively refracting media) have offered a new kind of materials for exploration of many fundamental and interesting electromagnetic and optical effects [1] [2] [3] [4] , including some attractive properties that dramatically modify conventional optical phenomena of electromagnetic media [5] [6] [7] [8] [9] [10] .
Though there must have been some new techniques for realizing isotropic metamaterials [11] [12] [13] , yet fabrication of ideally three-dimensionally isotropic and homogeneous negatively refracting materials is believed to be still a challenging issue [14] [15] [16] . Obviously, the impact would be enormous if an isotropic and homogeneous material of simultaneously negative permittivity and permeability can be realized by using new scenarios such as quantum optical approach [17] [18] [19] [20] , in which photonic resonance and quantum coherence are involved [21] [22] [23] . In the approaches of quantum coherence, however, there are two bottlenecks that should be resolved in order to realize simultaneously negative permittivity and permeability: i) It would be difficult in finding suitable atomic level structures that can give rise to simultaneous electric-and magnetic-dipole allowed transitions. That is to say, it would not be so easy to obtain the simultaneous on-resonance transitions for achieving simultaneously negative permittivity and permeability, since, in almost all the atoms, any electric-and magnetic-dipole transition frequencies in any atomic systems of various configurations are in principle not equal; ii) Loss in the quantum-coherent left-handed media [17] [18] [19] [20] is often quite large (e.g., the magnitude of the imaginary part of the refractive index is close to the magnitude of its real part, i.e., Im n |Re n|), and such negatively refracting materials would in fact be not realistic for practical applications. Here, we shall overcome these two bottlenecks by using a dressed-state assisted quantum-coherent double-negative gaseous atomic medium. We will suggest a different scheme of quantum coherence [17] [18] [19] [20] for realizing the negative refractive index, which takes full advantage of pumped mixed-parity transitions for achieving the simultaneous electric-and magnetic-dipole responses. This will lead to a three-dimensionally isotropic gain medium of negative refractive index.
A dressed atomic level has mixed parity since it is a linear superposition of two pure-parity levels (bare levels of atoms), and this will give rise to the simultaneous electric-and magnetic-dipole allowed transitions between the dressed levels and some other pureparity bare levels. Then both the electric and the magnetic fields of an applied probe beam can be resonant with this dressed-state assisted transition. Besides, an optical pumping (an incoherent pumping action for population transfer) [24] [25] [26] will be utilized for overcoming losses in this negatively refracting atomic vapor. Thus, a new scenario of negative refractive index at visible wavelengths can be proposed based on the present scheme, where the imaginary part of the negative refractive index would be drastically suppressed and high-gain optical amplification will result due to the incoherent pumping action.
MIXED-PARITY TRANSITION OF DRESSED STATES
Consider a four-level atomic system {|1 , |2 , |a , |b } in Fig. 1 . We assume the two upper bare levels |a , |b have opposite parities and the ground level |1 has an even parity. For example, level |a , |b and |2 possess even, odd and odd parities, respectively.
Such an atomic system {|1 , |2 , |b , |a } can be found in neutral alkali-metal atoms, e.g., the neutral rubidium Figure 1 . The schematic diagram for the pumped dressed-state mixed-parity transitions. The electric-dipole allowed transition |a -|b is driven by a strong coupling laser beam, and two dressed states |+ and |− will result from the linear combinations of the two bare levels |a and |b . The energy level pair |2 -|− is coupled to the electric and magnetic fields of a probe beam whose electric and magnetic Rabi frequencies are Ω E and Ω B , respectively. Both electric-and magneticdipole allowed transitions (between the bare level |2 and the mixedparity dressed level |− ) will occur, and hence simultaneously negative permittivity and permeability would be achieved through the pumped dressed-state transitions.
1.0 × 10 14 s −1 , can also be applicable to our scenario of dressed-state assisted negative refractive index. Some other metallic atomic systems, e.g., the neutral mercury atomic system {6 1 S 0 , 6 3 P 0 , 6 1 P 1 , 7 3 S 1 } with the energy levels {0.000, 37645.080, 54068.781, 62350.456} cm −1 [29] , in which the transition frequency between level 6 3 P 0 and level 6 1 P 1 is 3.1 × 10 15 s −1 , can also be employed in the present mechanism of atomic-vapor negative refraction. In a word, the dressed-state assisted double-negative coherent atomic vapors can exhibit their three-dimensionally isotropic negative refractive index at visible and infrared wavelengths. This is one of the attractive features of the present scheme.
We shall now explain the mixed-parity transition of the dressed states. The electric-dipole allowed transition |a -|b is driven by a strong coupling laser beam, and this will lead to two orthogonal dressed states |+ and |− . These orthogonal dressed states are the linear combinations of the two bare levels |a and |b , i.e., |+ = cos ϑ|a + e iφ sin ϑ|b ,
where the coefficients sin ϑ and cos ϑ are so defined that sin [30, 31] . In what follows, we shall use the dressed states to achieve the mixed-parity electromagnetic transitions. For simplicity, we suppose that the phase parameter φ = 0. Obviously, the frequencies, ω a and ω b , which correspond to the energy levels of |a and |b , are ω a =ω + (ω c + δ)/2 and ω b =ω − (ω c + δ)/2, respectively. Here,ω = ω 2 + ω b2 + (ω c + δ)/2 with ω b2 the transition frequency between level |2 and level |b (i.e., ω b2 = ω b − ω 2 ) and ω c the mode frequency of the coupling field. The dressed-state |− -|+ transition frequency is ω +− = ω c + δ 2 + Ω 2 c , which involves a modification compared with the bare-level |b -|a transition frequency ω ab (ω ab = ω c + δ). Apparently, the frequencies, ω + and ω − , which correspond to the energy levels of |+ and |− , are of the form
respectively. Define the electric and magnetic dipole moment matrix elements: 
respectively. Now the four-level bare-state system {|1 , |2 , |a , |b } becomes a new four-level system {|1 , |2 , |+ , |− }, where the dressed states |± have mixed parities. Thanks to the mixed parity of the dressed state |− , now the electric-dipole moment p −,2 and the magneticdipole moment m −,2 no longer vanish (i.e., there are simultaneously nonzero electric-and magnetic-dipole transition moments in the |2 -|− transition process). Hence, both electric-and magnetic-dipole allowed transitions between the bare level |2 and the mixed-parity dressed level |− will occur, if the level pair |2 -|− is coupled to the electric and magnetic fields of an incident probe beam. Now the mixed-parity atomic dressed state |− makes the atomic electric-and magnetic-dipole moments (due to |2 -|− transition) simultaneously nonzero, and the microscopic electric and magnetic polarizabilities β e , β m of atoms have almost the same optically resonant behavior, e.g., both β e and β m are determined by the same density matrix element ρ −,2 (to be shown in Eq. (5)). In other words, the resonance frequencies of the electric permittivity and the magnetic permeability would be in the same ranges (or the resonance frequency ranges of permittivity and permeability are overlapped). This means that the simultaneously negative permittivity and permeability could be realized in the same frequency bands. This will be demonstrated in more details in Section 3 (the theoretical model) and in Section 4 (a numerical example).
DENSITY MATRIX EQUATION OF THE INCOHERENT-GAIN DRESSED-STATE SYSTEM
We shall now consider the optical behavior of the present system involving the incoherent-gain dressed-state transitions. According to the Schrödinger equation, the equation of motion of the density matrix of the atomic system in Fig. 1 is given bẏ We shall demonstrate the optical left handedness of the pumped atomic vapor. The steady solution of Eq. (4) is particularly essential for this purpose. The expressions for the microscopic electric and magnetic polarizabilities of the atom are given by 2 /B p , which can also be rewritten as
if the expressions for the electric Rabi frequency Ω E = p −,2 E p / and the magnetic Rabi frequency Ω B = m −,2 B p / are taken into consideration. Here, the scalars p −,2 and m −,2 are the magnitudes of the electric dipole moment vector p −,2 and the magnetic dipole moment vector m −,2 , respectively. In order to achieve the negative permittivity and the negative permeability, the chosen vapor should be dense, so that one should consider the local field effect, i.e., one must distinguish between the applied macroscopic fields and the microscopic local fields that act upon the atoms in the vapor when addressing how the atomic transitions are related to the electric and magnetic susceptibilities [32] . The electric and magnetic Clausius-Mossotti relations [32, 33] that can reveal the connection between the macroscopic quantities (ε r and µ r ) and the microscopic polarizabilities (β e and β m ) are of the form ε r = (1 + 
A NUMERICAL EXAMPLE FOR SIMULTANEOUSLY NEGATIVE PERMITTIVITY AND PERMEABILITY
The three-dimensionally isotropic negative refractive index of the quantum-coherent atomic vapor is expected to occur under proper conditions, which will be demonstrated in our numerical example. We choose the electric-and magnetic-dipole transition moments for the present system as p a2 = 1.0 × 10 −29 C · m (pure-parity transition dipole moment induced in the transition |2 -|a ) and m b2 = 5.5 × 10 −23 C · m 2 · s −1 (pure-parity transition dipole moment induced in the transition |2 -|b ), respectively. The typical values for the decay rates due to spontaneous emission are γ −,1 = 3.0 × 10 6 s −1 , γ −,2 = 1.0 × 10 4 s −1 , γ 21 = 1.5 × 10 6 s −1 , and the collisional dephasing rate of atoms γ ph = 1.0 × 10 6 s −1 . Then the normalized parameter γ (defined as γ ≡ (γ −,1 + γ −,2 + γ 21 + γ ph )/2) that will appear in ∆/γ in the following figures is 2.8 × 10 6 s −1 . The number density of atoms is N = 1.2 × 10 24 Atoms m −3 . The pumping rate λ = 9.0 × 10 6 s −1 . All these (atomic and optical) parameters will be adopted throughout this work.
The electric Rabi frequency of the incident probe field is chosen as Ω E = 5.0 × 10 6 s −1 , and the magnetic Rabi frequency
Ω E , which is 3.0 × 10 6 s −1 (corresponding to the dressed-state mixing angle ϑ = −0.03) and 2.3×10 6 s −1 (corresponding to the dressed-state mixing angle ϑ = −0.04). Both the real and the imaginary parts of the relative permittivity ε r , the relative permeability µ r , the refractive index n and the relative impedance η r are shown in Fig. 2 and the real part of the permeability, Reµ r , is negative in the range [−8.5γ, −1.0γ] of the frequency detuning ∆. In all the frequency ranges of interest shown in Fig. 2 , the imaginary parts of both ε r and µ r are always negative. It can also be seen that the real part, Ren, of the refractive index is negative when the frequency detuning ∆ is in the range [−12.0γ, 0.0γ], where the imaginary part, Imn, is also negative (due to incoherent gain by the incoherent pump field). The minimum value of the real part Ren is −8.8 at the position ∆ = −7.6γ. For the case of ϑ = −0.04, the real part of the permittivity, Reε r , is always negative in the frequency detuning range as shown in Fig. 2 , and the real part of the permeability, Reµ r , is negative in the range [−11.0γ, 0.0γ] of the frequency detuning. Besides, the imaginary parts of both ε r and µ r are negative in these frequency detuning bands. Then the imaginary part of the refractive index is also negative (because of incoherent gain), and the refractive index n has a negative real part in the frequency detuning range [−18.0γ, 0.0γ] with its minimum value Ren = −9.2 at the position ∆ = −10.5γ. The tunable dispersion characteristics of both the real and the imaginary parts of the refractive index n and the relative impedance η r of the left-handed atomic vapor are shown in Fig. 3 . Here, the dressed-state mixing angle ϑ changes (caused by the tunable Rabi frequency Ω c of the strong coupling field. In the schematic diagram in Fig. 1 , this strong coupling field couples the bare levels |a and |b , and this leads to two dressed states |± ). It can be seen that the real part of the refractive index of the present quantum-coherent doublenegative atomic medium is negative when the dressed-state mixing angle ϑ increases (i.e., the intensity of the coupling field Ω c becomes stronger). It can also be found that the imaginary part of the refractive index is always negative in the parameter ranges of both ∆/γ and ϑ shown in Fig. 3 . Since the imaginary part and the real part of the refractive index have the same order of magnitude, this would lead to high gain optical amplification of an electromagnetic wave propagating inside the present left-handed atomic vapor. This may be viewed as a new route to low-loss, lossless, and active negative refracting materials. 
DISCUSSIONS OF THE NEGATIVE INDICES DEPENDING UPON THE PROBE BEAM INTENSITY
In the preceding section, we have shown that there is double-negative left handedness in optical wave propagating inside the present atomic vapor under certain proper parameter conditions. In Figs. 2 and 3 , the frequency detuning ∆ is in the range [−20γ, 0], where both the real and the imaginary parts of ε r , µ r and n are quite negative (e.g., in the range [−10, 0]). In this section, we shall consider the other frequency detuning range [0, 40γ], in which both the real and the imaginary parts of ε r , µ r and n are negative but in a relatively narrow range (e.g., [−2, 0]). In Fig. 4 we present the dispersion characteristics of the relative permittivity ε r , the relative permeability µ r , the relative impedance η r and the refractive index n of the atomic vapor with incoherent gain. All the atomic and optical parameters are exactly the same as those in Fig. 2 . Take the case of the dressed-state mixing angle ϑ = −0.03 as an example. It can be found in Since the amplification factor of the wave across a single wavelength at, e.g., ∆ = 16.4γ, is exp(2π×5.5×10 −2 ) = 1.4, we should, however, emphasize that the present negative refractive index with a quite negative imaginary part is in fact unstable, i.e., such a large amount of gain will spoil the negative-index effect. To clarify this point, we illustrate the dispersion behavior of ε r , µ r , η r and n in Figure 4 . The dispersion characteristics of the relative permittivity ε r , the relative permeability µ r , the relative impedance η r and the refractive index n of the atomic vapor with incoherent gain. All the atomic and optical parameters are chosen exactly the same as those in Fig. 2 .
(corresponding to the dressed-state mixing angle ϑ = −0.04). It can be seen that the real parts of ε r and µ r in the case of ϑ = −0.03 are no longer negative when the Rabi frequency Ω E has the order of a few 10 7 s −1 . Thus, the present dressed-state assisted negativeindex medium is unstable for achieving negative indices and would be no longer essentially important for practical applications when the propagating beam is amplified to the order of magnitude of 10 7 s −1 (in its Rabi frequency).
In the above, we have shown the existence of double-negative left handedness in the atomic vapor for optical wave propagation when the intensity (or the Rabi frequency) is large (e.g., Ω E 10 6 ∼ 10 7 s −1 ). It can be found that the dispersion behavior of ε r , µ r , η r and n (when the incident wave is weak, e.g., Ω E = 5.0 × 10 2 s −1 shown in Fig. 6 ) is somewhat similar to that of Ω E = 5.0 × 10 6 s −1 shown in Fig. 4 , namely, the optical response of the present negative-index atomic vapor in the frequency detuning range [0, 40γ] is not sensitive to the intensity of the amplified propagating wave. Only when the Rabi frequency Ω E 5.0 × 10 6 s −1 will the negative-index atomic vapor exhibits its Figure 5 . The dispersion characteristics of the relative permittivity ε r , the relative permeability µ r , the relative impedance η r and the refractive index n of the atomic vapor when the incident probe field becomes strong. The electric Rabi frequency of the incident probe field is chosen as Ω E = 3.0 × 10 7 s −1 .
optical nonlinearity (i.e., sensitive to the intensity of the amplified propagating wave), and the negative indices will no longer be present (see Fig. 5 ). If the initial Rabi frequency of the incident weak light is Ω E = 5.0 × 10 2 s −1 , then according to the negative Imn value, e.g., Imn = −5.5 × 10 −2 at ∆ = 16.4γ (in the case of ϑ = −0.03 in Fig. 4) , the incident weak light will be amplified to Ω E = 5.0 × 10 6 s −1 after it propagates across 27 wavelengths (i.e., ln 10 4 2π×5.5×10 −2 27). This means that at least 27 wavelengths can the wave propagate in the present negative-index atomic medium before it can be absorbed.
SOME PROBLEMS IN EXPERIMENTAL VERIFICATION OF DOUBLE-NEGATIVE LEFT-HANDED ATOMIC VAPOR
We will discuss some problems such as number density of atoms, laser beam intensity required in the left-handed atomic vapor, and its negative refraction verification in experiments. Figure 6 . The dispersion characteristics of the relative permittivity ε r , the relative permeability µ r , the relative impedance η r and the refractive index n of the atomic vapor when the incident probe field is weak, i.e., the electric Rabi frequency of the incident probe field is chosen as Ω E = 5.0 × 10 2 s −1 .
In the preceding sections, we have shown that the required atomic vapor for double-negative left handedness is dense in its number density (total number of atoms per unit volume). In general, the dilute alkali-metal atomic vapors have the number density with the order of magnitude of 10 19 ∼ 10 20 Atoms m −3 at room temperature (e.g., 300 K) [34] [35] [36] [37] . The number density will increase when the atomic vapor cell is heated to a high temperature. According to the thermodynamic statistics, the number density N of a saturated atomic vapor is given by [38] 
where N 0 is the number density at a certain temperature T 0 , l the sublimation energy per atom, and k B the Boltzmann constant. The typical parameters can be chosen as follows: N 0 = 10 19 Atoms m −3 at T 0 = 300 K, and the sublimation energy per atom is 1.0×10 −19 J/atom. In order to obtain the density N = 1.2 × 10 24 Atoms m −3 that is required for realizing a double-negative left-handed atomic vapor, the absolute temperature of the atomic vapor should be T
573 K. Since quantum coherent effects in atomic vapors at temperature 300 K to 1000 K have been demonstrated experimentally [34] [35] [36] [37] [38] [39] [40] , we believe that the present atomic vapor with density N = 1.2 × 10 24 Atoms m −3 could also be achieved experimentally. We shall here evaluate the power (intensity) of the laser beam sources. The power of the driving beam required can be obtained with the commercial sources. Such beam sources have been utilized in previous experiments of quantum coherence (e.g., electromagnetically induced transparency) in various atomic vapor media [41] [42] [43] [44] . In Figs. 2 and 4 , the electric Rabi frequency of the incident probe field is chosen as Ω E = 5.0 × 10 6 s −1 . Since the electric Rabi frequency is defined as Ω E = p −,2 E p / , where p −,2 has the magnitude 1.0 × 10 −29 | sin ϑ| C · m, e.g., Eq. (3), the electric field strength of the applied beam is E p = Ω E 1.0×10 −29 | sin ϑ| (in SI units). In the reference of experiments of atomic phase coherence [41] , the Rabi frequency Ω E = 2π × 90 × 10 6 s −1 corresponds to the laser intensity 250 W/cm 2 (at the beam waist). Here, the electric dipole moment of atoms has the order of magnitude of 1.0×10 −29 C · m. Then the electric field strength in Ref. [41] is E p Ω E 1.0×10 −29 (in SI units). Thus, the laser beam intensity in the present scheme of atomic-vapor negative refraction is
22 W/cm 2 , where, as an illustrative example, we have chosen the dressed-state mixing parameter | sin ϑ| |ϑ| = 0.03 (see Figs. 2 and 4) .
The negative refractive index of the atomic vapor presented in the paper is achieved based on the mixed-parity dressed-state assisted resonance as well as quantum coherence (atomic phase coherence). In the literature, over the past two decades, there have been a number of experiments of quantum coherence, including various quantum interference effects relevant to electromagnetically induced transparency (EIT) in atomic vapors [41] [42] [43] [44] . The optical response of dressed-state atomic vapor has also been observed [43] . Thus, we believe that the experimental realization of the present dressed-state assisted negative refractive index can in principle be demonstrated by the commercial devices available for quantum coherence (atomic phase coherence) [41] [42] [43] [44] . Now we shall discuss briefly the problem of experimental demonstration of double-negative left-handed atomic vapor. Lefthanded media can exhibit many unusual electromagnetic and optical effects such as negative refraction [45] , negative Goos-Hänchen effect [10] , reversed Doppler effect and negative Cerenkov radiation caused by the negative refractive index [46] . These effects can be used to demonstrate the existence of double-negative left handedness (and hence the corresponding negative refractive index). Here, we address the problem of the possible experimental verification of double-negative left handedness in an atomic vapor by using the effects of negative refraction and Goos-Hänchen lateral shift: i ) The atoms such as neutral alkali-metal atoms (e.g., the neutral rubidium or cesium atoms) can be stored in an atomic vapor cell [41] . An incident wave strikes the atomic vapor cell, giving rise to a reflected wave and a refracted wave. If the atomic vapor has negative refractive index, then the anomalous refraction effect for the transmitted wave into the atomic vapor will occur. Measurements of such phenomena of negative refraction in solid materials have been performed in many experiments of left-handed materials [47] [48] [49] [50] . ii ) As is well known, in an ordinary Goos-Hänchen shift effect (where a wave is incident from one positive-refractive-index medium into another positive-refractive-index medium), the totally reflected beam experiences a lateral displacement from its position on the interface, since each of the plane wave components of the incident wave striking the interface undergoes their respective phase change in this reflection process [10] . If the wave is incident into a lefthanded medium and then reflected, the lateral displacement, which is opposite to that in the ordinary Goos-Hänchen effect, will result from the negativity in the refractive index. Then one can demonstrate the atomic-vapor negative refraction by taking advantage of such a negative Goos-Hänchen shift effect [10, [51] [52] [53] .
AN APPLICATION FOR SURFACE PLASMON WAVE
We have shown theoretically how to realize a three-dimensionally isotropic double-negative atomic vapor based on quantum optical mechanism. It should be pointed out that a single negative medium (i.e., either ε r or µ r is negative), which can exhibit some new attractive optical responses, can also be achieved with the present mechanism. If, for example, the strong coupling field, which drives the |b -|a transition and leads to two orthogonal dressed states |± , is switched off (i.e., the Rabi frequency Ω c = 0 and hence the dressed-state mixing angle ϑ = 0), the present atomic vapor will become a single negative-µ r medium, of which the dispersion characteristics of both the real and the imaginary parts of the relative permeability µ r and the refractive index n are plotted in Fig. 7 . Here, the magnetic Rabi frequency is chosen as Ω B = 3.0 × 10 6 s −1 . It can be found that the real part of µ r is negative when the frequency detuning ∆ is in the range [−3.1γ, 6 .0γ] with the minimum value Reµ r = −2.9 at ∆ = −2.1γ and the corresponding imaginary part Imµ r = −5.7. Since there is no coupling field, the two dressed states |± are no long present, and the probe field only drives the |2 -|b magnetic-dipole allowed transition, instead of the |2 -|− mixed-parity transition. Thus, the relative permittivity of the present atomic medium is 1. Such a negative-permeability atomic medium can be utilized to sustain a TE-mode surface plasmon wave at its interface adjacent to a dielectric of µ r = 1. If, for example, the permeability of the negative-permeability atomic medium has a sufficiently negative real part, then a surface plasmon wave (excited by external power stimuli) can propagate in the direction parallel to the interface. But in the direction perpendicular to the interface, it decays evanescently on both sides of the interface. The magnetic field distribution of the surface plasmon wave when µ r = −2.9 − 5.7i (i.e., the permeability has its minimum value in its real part as shown in Fig. 7) is depicted in Fig. 8 , where a single, flat interface between the negative-permeability atomic medium and the dielectric of µ r = 1 is in theŷ-ẑ plane of a Cartesian coordinate system. It can be seen that the surface plasmon wave amplitude exponentially decays in thex-direction (perpendicular to the interface). In theẑ-direction (parallel to the interface), however, the complex propagation constant has a negative imaginary part and hence the field strength of the surface wave can be amplified. Figure 7 . The real and imaginary parts of the relative permeability µ r and the refractive index n when the strong coupling field is switched off (i.e., the Rabi frequency Ω c = 0 and hence the dressed-state mixing angle ϑ = 0).
In general, the electromagnetic surface plasmon excitation generated in metal-based structures is in high frequency bands. The present scheme can, however, be used to realize surface plasmon resonance in terahertz band.
If, for example, we choose the atomic system {|1 , |2 , |b , |a } in Fig. 1 [54] , where the transition frequency between level 3 2 P 1 2 and level 3 2 P 3 2 is 3.2×10 12 s −1 Figure 8 . The spatial field profile of a TE-mode surface plasmon wave at the interface between the dielectric of µ r = 1 and the single negative atomic medium. The negative-permeability atomic medium is in the half space x < 0 and the dielectric in the other half space x > 0. (angular frequency), then such an atomic medium will have a negative permeability in terahertz band. In addition, the surface plasmon wave excited with such a medium is extremely sensitive to dispersion, since in the negative permeability, the frequency appears as 1/(ω ij − ω) (rather than as 1/ω as shown in the Lorentz-model media). Therefore, the dispersion in the atomic medium is quite large, e.g., 10 8 times that in metal. The dispersion-sensitive surface plasmon wave would have potential applications in design of new optical sensors and modulators. Since the permittivity and permeability can be quantum-coherently controlled by the strong coupling field, the tunable surface plasmon wave modes can exhibit controllable optical responses driven by the external optical fields.
In a word, the surface plasmon wave presented here may have four attractive features: i ) surface plasmon wave amplification by an incoherent pumping field; ii ) surface plasmon wave at terahertz frequencies; iii ) surface plasmon wave sensitive to dispersion; iv ) surface plasmon wave controllably manipulated by external optical fields.
CONCLUDING REMARKS
The simultaneous electric-and magnetic-dipole optical responses of atomic transitions are excited by a probe wave with both dressed-state assisted mixed-parity transitions and incoherent population transfer. This can give rise to a three-dimensionally isotropic and homogeneous negative refractive index. Here, the dressed-state assisted transitions enable to realize simultaneously negative permittivity and permeability in the same frequency bands. In the previous references [17] [18] [19] [20] [21] [22] , loss of left-handed atomic vapor based on quantum coherence was in general quite large, and this would make such negatively refracting atomic media not realistic in practical applications. Here, we have suggested a new mechanism of incoherent population transfer, where a pumping action is involved for achieving high-gain optical amplification in the negative-index quantum-coherent atomic vapor. Such a scheme of negative refraction has some advantages, e.g., three-dimensionally isotropic double-negative indices at visible and infrared wavelengths. This can lead to quantum-coherent tunable negative refractive index and loss-free or active optical response of the atomic medium via incoherent high-gain optical amplification. We expect that it could be experimentally realized in the near future. Such scenarios of three-dimensionally isotropic optical left handedness and high-gain optical amplification would have potential applications in designs of new quantum optical and photonic devices, including particularly subwavelength focusing system and negative-index superlenses for perfect imaging [4] .
